Abstract. Lapatinib, a dual inhibitor of epidermal growth factor receptor (EGFR)/ErbB2, has antiproliferative effects and is used to treat patients with ErbB2-positive metastatic breast cancer. In the present study, we examined the effects of lapatinib on growth of oral and prostate cancer cells. Oral squamous cell carcinoma (OSCC) cell lines HSC3, HSC4 and Ca9-22 were sensitive to the antiproliferative effects of lapatinib in anchorage-dependent culture, but the OSCC cell lines KB and SAS and the prostate cancer cell line DU145 were resistant to lapatinib. Phosphorylation levels of EGFR in all cell lines decreased during lapatinib treatment in anchorage-dependent culture. Furthermore, the phosphorylation levels of ErbB2, ErbB3 and Akt and the protein levels of cyclin D1 were decreased by lapatinib treatment of HSC3, HSC4 and Ca9-22 cells. ErbB3 was not expressed and cyclin D1 protein levels were not altered by lapatinib treatment in KB, DU145 and SAS cells. The phosphorylation of ErbB2 and AKT was not affected by lapatinib in SAS cells and was not detected in KB and DU145 cells. Lapatinib-resistant cell lines exhibited sphere-forming ability, and SAS cells developed sensitivity to lapatinib during sphere formation. The phosphorylation levels of ErbB2 and AKT and protein levels of cyclin D2 increased during sphere formation of SAS cells and decreased with lapatinib treatment. In addition, sphere formation of SAS cells was inhibited by the AKT inhibitor MK2206. AKT phosphorylation and cyclin D2 levels in SAS spheres were decreased by MK2206 treatment. SAS cells expressed E-cadherin, but not vimentin and KB cells expressed vimentin, but not E-cadherin. DU145 cells expressed vimentin and E-cadherin. These results suggested that phosphorylation of EGFR and ErbB2 by cell detachment from the substratum induces the AKT pathway/cyclin D2-dependent sphere growth in SAS epithelial cancer stem-like cells, thereby rendering SAS spheres sensitive to lapatinib treatment.
Introduction
The epidermal growth factor receptor (EGFR) family members, particularly EGFR and ErbB2, are targets of anticancer reagents, since their deregulated expression and activation play important roles in the initiation and progression of human cancer (1) (2) (3) (4) . Many types of tyrosine kinase inhibitors (TKIs) targeting EGFR have been clinically used since 2002 (5) (6) (7) (8) . Among them, the EGFR/ErbB2 dual inhibitor lapatinib is used to treat ErbB2-positive breast cancer. Despite intensive efforts investigating a large number of ligands identified for EGFR, ErbB3 and ErbB4, no direct ligand for ErbB2 binding has been identified. However, ErbB2 dimerizes with other ErbB receptors and acts as a co-receptor (9) , and overexpression of ErbB2 can induce transformation of cells without the ligand (10) . In addition, since heterodimeric formation of ErbB2 with other ErbBs can enhance ligand binding, receptor tyrosine phosphorylation, and cell proliferation compared with EGFR homodimers, lapatinib has better efficacy than those of single inhibitors of EGFR signal transduction for preventing tumour growth and survival (11) . However, the mechanisms and efficacy of lapatinib have not been elucidated in systems other than breast cancer.
The clinical response of lapatinib is only ~24% (12, 13) . Not all ErbB2 positive breast cancer cells respond to lapatinib treatment, and resistance to lapatinib develops in some patients and/or tumours during chronic exposure to the drug (14, 15) . Since the therapeutic efficacy of lapatinib is affected by intrinsic and acquired resistance, it is important to identify the mechanism(s) conferring resistance to the drug. Several studies have previously reported the possible mechanisms of resistance to lapatinib. Since increased expression of the membrane receptor tyrosine kinase AXL conferred resistance to lapatinib, combination with the AXL inhibitor could particularly reverse resistance to lapatinib (14) . In addition, Ras induced resistance to lapatinib and could overcome this resistance by MEK inhibition (16) . Markedly, MCL-1, a member of the Bcl-2 family, induced lapatinib resistance and inhibition of MCL-1 restored the sensitivity of lapatinib toxicity via BAK-dependent autophagy (17, 18) . It has also been reported that epithelial-to-mesenchymal transition (EMT) plays important roles in lapatinib resistance in ErbB2-overexpressing breast cancer cell lines (19) . Since other mechanisms that induce lapatinib resistance are not well characterized, further investigations are needed.
We previously reported that EGFR signalling is not involved in anchorage-dependent growth of the cancer stem-like cell line, SAS, but contributes to anchorage-independent growth. Thus, SAS monolayer cultures are resistant to the EGFR-specific antibody cetuximab and to the EGFR TKI AG1478, but aggregated SAS cultures become sensitive to these reagents (20) . Therefore, in the present study, we investigated the effects of the EGFR/ErbB2 dual inhibitor, lapatinib, on monolayer and sphere cultures of cancer stem-like cells.
Materials and methods
Cell culture and reagents. OSCC cell lines, HSC3, HSC4, SAS, KB and Ca9-22, and the prostate cancer cell line DU145 were purchased from RIKEN BioResource Center (Ibaraki, Japan). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS) at 37˚C in a humidified atmosphere of 5% CO 2 . DMEM and FBS were purchased from Gibco (Life Technologies, Tokyo, japan). Antibodies used included anti-EGFR, anti-phospho-Tyr1068-EGFR, anti-ErbB2, anti-phospho-Tyr1221/1222-ErbB2, anti-ErbB3, anti-phosphoTyr1289-ErbB3, anti-AKT, anti-phospho-S473-AKT (all from Cell Signaling Technology, Tokyo, japan), anti-ERK, anti-phospho-Tyr204-ERK (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-cyclin D1 (Abcam, Tokyo, japan), anti-cyclin D2 (Cell Signaling Technology), anti-E-cadherin, anti-N-cadherin (both from Takara, Shiga, japan), anti-vimentin (Merk Millipore, Damstadt, Germany), and anti-α-tubulin (Sigma-Aldrich, Tokyo, japan). Lapatinib (GW572016) and MK2206 were purchased from Selleckchem (Houston, TX, USA).
Cell proliferation assay. Human cancer cells (1x10 3 /well) were seeded into 96-well plates. After 24 h of growth, lapatinib was added at the indicated concentrations, and growth continued for an additional 1, 4 or 6 days. Cell proliferation was assessed using the CellTiter 96 ® Non-Radioactive Cell Proliferation assay (Promega, Tokyo, japan). All experiments were performed in triplicate.
Sphere formation cultures. Cells (1x10 3 ) were seeded into each well of ultra-low attachment 6-well plates (Corning, NY, USA) and cultured in DMEM supplemented with 10% (v/v) FBS at 37˚C under 5% CO 2 .
Western blotting. Cells were washed with phosphatebuffered saline (PBS), and then lysed with RIPA buffer consisting of 150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1% (v/v) Nonidet P-40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, and 5 mM EDTA with 1X Halt™ Protease Inhibitor Cocktail and 1X Halt™ Protein Phosphatase Inhibitor (both from Thermo Fisher Scientific, Yokohama, Japan). The protein concentration of the lysates was determined using the BCA™ Protein Assay kit (Thermo Fischer Scientific), and equal amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis. The separated proteins were transferred electrophoretically onto ClearTrans ® polyvinylidene fluoride (PvDF) membranes (Wako Chemical, Tokyo, japan). Non-specific binding was blocked by incubation in 5% (w/v) bovine serum albumin in TBS/Tween-20 (TBS-T) for 1 h at room temperature. Membranes were probed with antibodies in TBS-T overnight at 4˚C, and then incubated with horseradish peroxidase-conjugated secondary antibody. Antibody-antigen complexes were detected by the ECL Plus Western Blotting Detection Reagent (GE Healthcare, Little Chalfont, UK).
Results

Lapatinib reduces proliferation of oral cancer cell lines lacking sphere formation capability.
To assess the effect of lapatinib on cancer cells, we treated oral squamous cell carcinoma (OSCC) cell lines, HSC3, HSC4, SAS, KB and Ca9-22 and the prostate cancer cell line DU145 with lapatinib at various concentrations and determined growth at each culture day using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, as shown in Fig. 1A . Lapatinib at 1 µM inhibited the proliferation of HSC3, HSC4 and Ca9-22 cells after 4 days of culture, but even 5 µM lapatinib did not inhibit the proliferation of KB, SAS and DU145 cells during 6 days culture (Fig. 1A) . Thus, HSC3, HSC4 and Ca9-22 cells were lapatinib-sensitive, and KB, SAS and DU145 cells were lapatinib-resistant.
Previous studies reported that lapatinib reduced the formation of mammospheres and proliferation of the progenitor/stem-enriched ductal carcinoma in situ population regardless of the ErbB2 status (21) . To determine the correlation of lapatinib resistance with cancer stemness, we examined the sphere formation capacities of these cell lines. A suspension of 1x10 3 cells was cultured in ultra-low attachment 6-well plates for 6 days. HSC3, HSC4 and Ca9-22 cells remained single cells in floating cultures, while KB, DU145 and SAS cells formed spheres (Fig. 1B) . These results suggested that lapatinib-sensitive cells lack stem cell properties, while lapatinib-resistant cells exhibit cancer stem cell-like characteristics.
Lapatinib inhibits phosphorylation of ErbBs and AKT, and protein expression of cyclin D1 in sensitive cells.
To investigate the effect of lapatinib on these cell lines at the molecular level, we extracted the protein from cells treated or not treated with lapatinib and western blotting was performed. Lapatinib reduced the phosphorylation level of EGFR in all cell lines. Phosphorylation of ErbB2 was detected in HSC3, HSC4, SAS and Ca9-22 cells and was reduced by lapatinib treatment. Phosphorylation of ErbB3 was detected in HSC3, HSC4 and Ca9-22 cells and reduced by lapatinib treatment (Fig. 2) .
These results indicated that growth inhibition by lapatinib correlated with inhibition of ErbB phosphorylation, including phosphorylation of EGFR, ErbB2 and ErbB3, in HSC3, HSC4 and Ca9-22 cells.
We next examined the phosphorylation of AKT and ERK, which are downstream effectors of the ErbB family signalling pathway. AKT phosphorylation was reduced by lapatinib treatment in HSC3, HSC4, and Ca9-22 cells, but not in SAS cells. Changes in AKT phosphorylation levels were not detected in KB or DU145 cells, since the phosphorylation levels were extremely low in untreated cells. The ERK phosphorylation level was decreased in HSC4 cells, increased in HSC3 cells, and not altered in other cells by lapatinib treatment (Fig. 2) .
The cell cycle involves a series of tightly controlled events that drive DNA replication and cell division during cell proliferation (22) . The progression from G1 to S is a critical checkpoint in protecting the cell from abnormal replication, and a key regulator of this process is cyclin D (23) . A variety of mitogenic signalling pathways upregulate the expression of these cyclins. Thus, we examined cyclin D1 and D2 levels in lapatinib-treated cells. The cyclin D1 level was reduced by lapatinib treatment in HSC3, HSC4, and Ca9-22 cells. The cyclin D2 level was decreased in HSC3 cells, with no change noted in HSC4 or SAS cells. Cyclin D2 protein was not detected in KB, Ca9-22 and DU145 cells (Fig. 2) . These results suggested that lapatinib inhibits phosphorylation of ErbBs, leading to suppression of the AKT cyclin D1 pathway, thereby reducing growth of HSC3, HSC4 and Ca9-22 cells.
Sphere formation of SAS cells via activation of the ErbB/AKT/ cyclin D2 signalling pathway is inhibited by lapatinib.
We previously reported that anchorage-dependent growth of SAS cells is resistant to EGFR inhibitors, cetuximab and AG1478, but anchorage-independent growth becomes sensitive to these inhibitors (20) . These results prompted us to examine the effects of lapatinib on sphere formation in KB, SAS and DU145 cancer cell lines possessing sphere formation capabilities. We first investigated changes in protein levels during sphere formation (Fig. 3) . The levels of EGFR phosphorylation in KB and SAS cells increased during sphere formation process after day 1, but remained during sphere formation in DU145 cells. ErbB2 phosphorylation levels increased during sphere formation in all the cell lines. AKT phosphorylation increased during sphere formation of SAS cells but remained at low levels during sphere formation of KB and DU145 cells. Cyclin D1 levels were moderately altered during sphere formation in all cells. Cyclin D2 levels were increased along with sphere formation of SAS cells but were not detected in KB or DU145 spheres.
To determine whether sphere formation of lapatinib-resistant cell lines develops sensitivity to lapatinib, suspension cells were cultured in ultra-low attachment 6-well plates in medium with or without lapatinib. Sphere formation was inhibited by lapatinib in SAS cells, but not in KB or DU145 cells (Fig. 4A) . Phosphorylation of EGFR and ErbB2 was reduced by lapatinib in these cell lines (Fig. 4B) . Furthermore, lapatinib treatment reduced AKT phosphorylation and cyclin D2 protein expression in SAS spheres. AKT phosphorylation and cyclin D2 protein expression were not detected in untreated KB and DU145 spheres. These results suggested that the ErbB/AKT/cyclin D2 pathway plays an important role in sphere formation of SAS cells.
To assess whether the AKT/cyclin D2 pathway is required for sphere formation of SAS cells, the effect of the AKT inhibitor MK2206 on cyclin D2 levels and SAS sphere formation was investigated. MK2206 inhibited AKT phosphorylation, leading to reduced protein levels of cyclin D2 (Fig. 5A) . Furthermore, MK2206 suppressed sphere formation of SAS cells (Fig. 5B) . Together, these results suggested that the ErbB/ AKT/cyclin D2 pathway plays a crucial role in sphere formation of SAS cells. EMT (mesenchymal-to-epithelial transition) is a characteristic of cancer stem cells or circulating tumour cells (24) . To identify the differences in cell lines exhibiting sphere formation potency, we examined markers of epithelial and mesenchymal cells (Fig. 5C ). KB cells were found to express the mesenchymal markers N-cadherin and vimentin, but not the epithelial marker E-cadherin, indicating that KB cells are mesenchymal stem-like cells. DU145 cells expressed E-cadherin and vimentin, but not N-cadherin, indicating that DU145 cells are meso-epithelial. SAS cells expressed E-cadherin, but not vimentin, indicating that SAS cells are epithelial cancer stem-like cells.
Discussion
Lapatinib, which can be orally administered, has been used to treat ErbB2-positive metastatic breast cancer patients as a dual TKI of both EGFR and ErbB2. In the present study, we found that lapatinib inhibited the proliferation of HSC3, HSC4 and Ca9-22 OSCC cell lines, in monolayer cultures. After lapatinib treatment, levels of AKT S473 phosphorylation and cyclin D1 protein expression, as well as phosphorylation of EGFR, ErbB2 and ErbB3, decreased in these cell lines, consistent with previous studies of breast cancer cells (25, 26) . However, growth of OSCC cell lines KB and SAS, and the prostate cancer cell line DU145 were resistant to lapatinib in monolayer cultures. In breast cancer, the causes of lapatinib resistance involve both ErbB2-dependent and ErbB2-independent mechanisms. In the former case, expression and structural changes of ErbB2 induce lapatinib resistance (27, 28) . In the latter case, activation of a pathway other than ErbB2 overcomes the inhibitory effects of lapatinib (19) . In SAS cells, the phosphorylation levels of EGFR and ErbB2 were suppressed by lapatinib treatment, ErbB3 phosphorylation was not detected and AKT phosphorylation and cyclin D1 protein levels were not reduced by lapatinib treatment (Fig. 2) . These results suggested that inhibition of the EGFR/ErbB2 pathway by lapatinib does not contribute to cell growth in SAS cells. However, EGFR, ErbB2, and ErbB3 were detected at low levels, and their phosphorylation levels were extremely low in KB and DU145 cells, indicating that their growth does not depend on ErbBs. Taken together, the results indicated that the lapatinib resistance of SAS, KB and DU145 cells is independent of ErbB2.
It has been reported that acquired resistance to lapatinib and AzD8931 result from EMT in breast cancer cell lines (19) . These resistant cells express the mesenchymal markers vimentin and N-cadherin, but not the epithelial marker E-cadherin. In the present study, lapatinib-resistant KB and DU145 cells were found to express vimentin, indicating that these cells possess mesenchymal properties. However, SAS cells were resistant to lapatinib, despite E-cadherin expression, and did not express vimentin. In addition, single cells from lapatinib-resistant cell lines KB, DU145 and SAS in ultra-low attachment wells survived, proliferated and formed aggregates, which were defined as spheres. Sphere forming potency is used as a surrogate in vitro method to isolate cancer stem cells (CSCs) from various human tumours (29) (30) (31) (32) (33) (34) . Thus, these cell lines potentially possess CSC properties. Together, these findings showed that resistance to lapatinib correlates with CSC potency, but not necessarily with the EMT.
Proliferation of SAS cells is resistant to lapatinib in anchorage-dependent cultures, but is sensitive in anchorage-independent cultures. In both culture conditions, EGFR and ErbB2 are expressed and phosphorylated, and phosphorylation levels are decreased by lapatinib. However, AKT phosphorylation is not affected by lapatinib treatment during anchorage-dependent growth but is reduced during anchorage-independent growth. These results suggested that different downstream effectors of the same receptor tyrosine kinases are involved in a culture condition-dependent manner. We previously reported that phosphorylation levels of EGFR and AKT were increased in SAS aggregate cultures, and were reduced by the lipid raft disruptor filipin III (20) . Thus, it is possible that ErbB and PI3K/AKT colocalization to a specific region, such as membrane rafts, is induced by detachment of cells from substratum, resulting in ErbB/AKT signal transduction to promote sphere growth in SAS cells. In the present study, the phosphorylation levels of EGFR and ErbB2 were increased during sphere formation of lapatinib-resistant cell lines. In addition, AKT S473 phosphorylation and cyclin D2 protein levels were increased in SAS, but not in KB or DU145 cells. The AKT inhibitor MK2206 suppressed phosphorylation of AKT and cyclin D2 protein expression, thereby completely inhibiting sphere formation in SAS cells. These results indicated that the sensitivity of SAS spheres to lapatinib results from AKT phosphorylation and cyclin D2 expression.
Cancer cells possessing sphere formation ability survive and grow from single cells under anchorage-independent culture conditions. These characteristics are similar to the properties of circulating tumour cells (CTCs) during metastasis. CTCs are expected to be mesenchymal, since they enter the circulation from the primary tumour after EMT. However, CTCs consist of epithelial and mesenchymal subpopulations (35) . Both CTC subpopulations colonize in distant organs, where they are involved in secondary tumourigenesis as epithelial CSCs (36) . Thus, lapatinib can be used as a potential anticancer drug for both differentiated cancer cells of the primary tumour and for cells of the metastatic cancer.
